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The structure of water at aqueous interfaces is of the utmost importance in biology, chemistry, and geology. We
use neutron reflectivity and quartz crystal microbalance to probe an interface between hydrophilic quartz and bulk
liquid solutions of HO/D,O mixtures. We find that near the interface the neutron scattering length density is larger
than in the bulk solution and there is an excess adsorbed mass. We interpret this as showing that there is a region
adjacent to the quartz that is enriched iglDand extends-510 nm into the solution. This suggests caution when
interpreting results where O is substituted for kD in aqueous interfacial chemistry.

Water is complex with unusual properties resulting from its few molecular diameters from the interface; density profiles and
small size and strongly polar hydrogen boAdSue to the the orientation of the interfacial water molecules have been
importance of aqueous interfaces in a variety of fields and to calculated. It has been suggested that the layering induces
their common occurrence in natueuch work has been directed  additional structuring in water extending more (possibly much
toward understanding sokidiquid interfaces. Theoretical in-  more) than a few molecular diameters from the interfddeis,
vestigations on water next to hydrophilic (attractive) interfaces, however, remains controversignd is under active investigation.
including molecular dynamics and Monte Carlo simulations, have Several experimental surface techniques have been used to probe
been performed:'° These show that water forms molecular aqueous interfaces at a molecular level including X-ray and
layers next to hydrophilic (attractive) interfaces that extend a neutron scattering, surface forces measurements, and optical
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techniques such as second-harmonic genefdtiand sum-
frequency generatiot:5The vibrational spectra from the water
surface interactions show characteristics indicating that the
interfacial water molecules form a hydrogen-bonding network
more ordered than the bulk water (i.e., ice-like). A recent
investigation utilizing the phase-sensitive sum-frequency vibra-
tional spectroscopic technique identified both liquid-like (dis-
ordered) and ice-like (ordered) water components in contact with
hydrophilic quartz depending on pHX-ray scattering has been
used to study water in contact with metal, oxide, and salt
interfacesi®20 where the presence of one or more interfacial
molecular layers has been observed as well as has the effect o
the substrate structure on the interfacial water. Surface force
measurementsshow layering extending-12 nm from aqueous

solid interfaces. Thus, while much is known about the arrangement
of water at hydrophilic aqueousolid interfaces, the extent of
the influence of the interface is still under debate.

The goal of this work is to investigate the properties of
interfacial water at hydrophilic SiDinterfaces in HO/D,O
mixtures. There are small but distinct differences in physical
properties betweenJ® and DO liquids with D,O having more
structural order, which is due to the slightty%—10%) stronger
hydrogen bond in BO compared to kD.2122 However, there
are no expectations that the interface structure 6 Bnd O
will differ significantly. We use both neutron reflectivity and
quartz crystal microbalance (QCM) to show that, at the interface
between hydrophilic Sigand a liquid bulk solution of HD/D,O
mixtures, there is a region adjacent to the Sii@at is different
from the bulk solution and extends-80 nm into the solution.
We interpret our data as showing that there is a preferential
enrichment of DO at this interface. The combination of these
two experimental probes provides evidence for this enrichment
and suggests caution when interpreting results whef@ B
isotopically substituted for bD in aqueous interfacial chemistry.
Previous neutron reflectivity experiments og®4D,0 mixtures
in contact with quart? saw evidence for a similar enhancement,
but these were for high concentrations of@(60—100%) and
were interpreted as evidence for protonic quantum entanglément
or some unexplained physical chemistry of isotope mixtures.

For this investigation we have chosen two different in-situ
techniques: neutron reflectivy 27 and QCM?282°Both tech-
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Figure 1. Measured (thick lines) and fitted neutron reflectivity for
the quartz-H,0/D,0 mixtures. The thin solid lines show the best
fits with an interfacial region adjacent to the interface that has a
scattering length density larger than the bulkfQ#D,O mixture,
while the fits without this interfacial layer are the thin, dashed lines.
Data are offset for clarity.

niques are sensitive to the mass of liquid molecules perpendicular
toasolid-liquid interface, but they probe fundamentally different
physical properties. Details of the experiments and data modeling
can be found in the Supporting Information. The reflectivity data
were analyzed using the Parratt forma#8m’ with an interfacial
layer with a uniform neutron scattering length density next to
the interface and an exponential decay into the solution. The data
are not sensitive to either the shape of this decay or to the decay
length; thus, in some of the fits to the data the decay length and
interfacial width fitting parameters were held fixed (since these
tended to diverge). More details are found in the Supporting
Information.

Specular neutron reflectivity is used to measure the distribution
of D,O and HO adjacent to the hydrophilic quartz interface.
Because the scattering length densities e©and HO are
different (6.33x 10-8and—0.56x 106 A2, respectively$6:27:30
neutron reflectivity is able to distinguish these species. Figure
1 (heavy lines) shows the neutron reflectivity from@and
H,0/D,0 mixtures, which are analyzed using a model based on
the Parratt formalisr®~27 The model includes surface roughness
at the quartz solution interface and an interfacial layer with a
uniform scattering length density next to the interface and an
exponential tail, as shown in Figure 2. To improve the reliability
of the models for HO/D,O mixtures, data for puref® are used
to determine the neutron scattering length density of the quartz
substrate and data for quartair and quartz D,O determine the
quartz roughness (0.4& 0.02 nm, which is consistent with
previous resulfd-3?, These values are fixed for modeling the
mixture data.

The best-fit best models of the data with no interfacial layer
are shown by the thin dashed line in Figure 1. Here there is a
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Figure 2. Schematic profile of neutron scattering length density Figyre 3. Neutron scattering length densities (SLDs) as a function
adjacent to the quartz surface. We interpret the larger scatteringof distance above the quartz surface (defined as0).
length density near the interface as an enrichment{ &ncentra-

tion. The surface excess of,D is indicated. 250 — . . . . .
Q | |
uniform scattering length density that is the same as the bulk Ezoo L 7
solution up to the quartz surface. As is apparent, the neutron + 150 - i
reflectivity for the HO/D,O mixtures is significantly different 5
from that expected for no interfacial layer. This result agrees F100r 1
with a similar neutron reflectivity experiment on clean quartz in S 501 i
contact with HO/D,0O mixtures of 66-100% DO 23 These data 2
could also only be fitted with an additional interface layer with or .
scattering length density higher than the bulk solution, which ! ' — '
was reported to be physically fictitious, and the measurements a'E"-so j ' ' T T '
were interpreted as evidence for protonic quantum entanglément 2.1.25 (b)g © neutron
(although this has been disput@dr some unexplained physical 5,1 ol I %% = QCM i
chemistry of isotope mixtures. We have also modeled our O ’ Lls % E 1
reflectivity data with an interfacial region adjacent to the surface = 075 |
that has a scattering length density larger (more positive) than . 0.50 E % § .
the bulk HO/D,O mixture. The best fits to the data are shown 3 025+ 41
by the thin, solid lines in Figure 1, which show that this model s | 8T o
reproduces the interfacial system significantly better than the & 0 , , , , ]
no-interfacial layer (thin dashed lines). For purgdDthere is 0 20 40 60 80 100
a slight increase in the scattering length density at the interface D,0 solution concentration [weight %]

(102% of bulk ;qlution scattering length densi'gy, consistentwith Figure 4. (a) Frequency shifts from the QCM (filled red squares).
neutron reflectivity measurements on hydrophilic self-assembled Error bars are less than the size of the data points. The solid line
monolayers in contact with fD%%). This increase is just outside  is the theoretical model including the effect of interfacial roughness
the error bars and could result from a small increase in density trapping water. Amodel without roughness is only slightly different
near the interface. The data and analysis for pu@ &re much from this (about 4 Hz less). The,D concentration was increased

" . . . ... by continuously exchanging the solution in the measurement cell
less sensitive to the interfacial region due to the weaker reflectivity | it a solution with more BO. (b) Dependence of the surface excess

and the higher background. We have checked the possibility thaton p,0 bulk solution concentration as calculated from neutron
adventiously adsorbed hydrocarbons could cause the observedeflectivity (open blue circles) and QCM (filled red squares).
reflectivity and find that a thin (0.51 nm) hydrocarbon layer
cannot model our data (see Supporting Information, Figure S1). our results, we conducted independent neutron reflectivity
Figure 3 shows the neutron scattering length densities from measurements with40/D,O mixtures at an oxidized Si substrate
the best fits to the mixture data shown by the thin solid lines in (40 nm SiQ on Si) and obtained results quantitatively consistent
Figure 1, and the best-fit fitting parameters are tabulated in Tablewith those reported here.
S1.Thereisanincrease in the scattering length densities adjacent The QCM is an acoustic device that has high sensitivity to
to the quartz surface (at = 0) and this region extends  changesin areal mass density atits surface (stitidid interface,
perpendicular to the hydrophilic surface by- 80 nm before in our case). Figure 4a shows the QCM frequency shift (where
decaying to bulk solution values. The extent and exact shape ofzero is for pure HO) for different concentrations of 40/D,0
this region cannot be accurately determined (error bars of aboutmixtures. Here the BD concentration is slowly increased from
2—4 nm) because of the diffuse nature of this region andhe  pure HO to pure BO. The solid line in Figure 4a shows the
range available in neutron reflectivity. Despite this inaccuracy, hehavior expected from thedfaccounting for the density and
there appears to be a decrease in the extent of this region ofyiscosity increase from 0 to DO (assuming bulk values) and
enhanced scattering length density (from about 12 nm to aboutthe effect of interfacial roughnedsThe observed frequency is

4 nm) with increasing bulk BD, as shown in Figure 3 and Table  systematically higher than that expected from theory. However,
S1. However, more work is needed to confirm this. To verify
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the QCM dissipation (a measure of energy loss) follows theory 3). This suggests that the liquid layers immediately adjacent to
to better than 1% (not shown). These observations, taken togetherthe quartz interface are different inn® and O, which could
show the presence of an excess adsorbed mass at the interfacee tested with interface sensitive optical methdshe DO
Control experiments were performed with 100%Xand 100% excess shown in Figure 4b increases rapidly up to about 10 wt
H>O on a hydrophobic thiohexadecane ($0€H,)1sSH) surface. % D,0 in the bulk solution and then saturates at aboutl0~7

Both the frequency and dissipation followed theory withir2®6 g/cn¥ (equivalentto about 1 nm off®) before slowly decreasing.
without any indication of excess areal mass density. These resultsHence, the major mechanism causing th®@nrichment occurs
rule out the possibility of contamination creating an artificial at a low (10%) bulk RO concentration. While the mechanism
interfacial excess adsorbed mass. causing this preferential £» enrichment is unclear, we offer

We interpret both the QCM and neutron reflectivity results to  two possible explanations. First, the arrangement of water
show that there is a region adjacent to the surface that has amolecules in the interfacial layer could be different from bulk
enhanced concentration ofO (see Figure 2). This interpretation  \water, which could drive the £ interfacial segregation. The
explains both the excess interfacial adsorbed mass from the QCMextent of this region would be significantly larger than the few
and the increase in the scattering length densities adjacent to th§yanometers (several molecular diameters) that are predicted by
quartz in the neutron reflectivity. One test of this interpretation modeling346-8 Second, we note that some models of bulk water
is to quantitatively compare the QCM and reflectivity results. inyoke a clustering of molecules to explain the properties of
We have done this by using the neutron results (Figure 3), yater3738Given that hydrogen bonding inD is stronger than
assuming that the excess neutron scattering length density is dugy, 1,0 21.22jt js plausible that BO clusters would be more stable
toan enrichment in BD, and then calculating the surface excess than 10 clusters. If such clusters are integral to the interfacial
D20, whichis the integral of the excess interfaciaDas shown  |qver, then the increased stability 0bO clusters provides a
in Flgure 2. This is converped into an equwalent areall Mass nossible mechanism for the,D enrichment.
density of O (g/cn?) assuming this layer is pure;D (density
of 1.1 g/cn?). This surface excess is shown in Figure 4b and
compared with the QCM results where the excess frequency
shift (above the theory line in Figure 4a) is converted into areal
mass density® Considering that the QCM and neutron reflectivity
probe fundamentally different physical properties, the agreement
in Figure 4bis remarkable and strongly supports our conclusions.
The apparent disagreement between the QCM and reflectivity
of pure DO is likely due to changes in the properties of the
interface that are not accounted for in the current QCM theory
(e.g., viscosity or density).

Although it is possible that our results could be caused by an
interfacial layer with the same concentration as the bulk solution ~ Acknowledgment. We thank Y. S. Seo for experimental
(i.e., not enriched in BD) but with a significantly higher mass ~ assistance with the neutron reflectivity. J.J.R.S. acknowledges
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interfacial layer has the opposite sign (positive) as that of the Q-Sense AB. Portions of th.IS .research were carried out a.t.the
bulk solution (negative). Second, if there is a higher density Stanford Synchrotron Radiation Laboratory, a user facility
layer, then this larger density should be evident in the pure operated by Stanford Umyersny on behalfofthe U.S. Department
solutions, but we only observe a small increase in interfacial of Energy, Office of Basic Energy Sciences.
density (2%). Third, the density of this hypothetical high-density
|ayer would have to vary with BD concentration from 2 to 3 Supporting Information Available: Details of the experiments,
glcn? at 10-20% D,0 to 1.2 g/crd at 70% DO, which seems the data modeling (with atable of the fitting parameters), and a_cor_npariso_n
unlikely. that shoyvs our results are not due to hydrocarbon cont.ammatlon. This

Our results show that there is a layer at the hydrophilic qartz material is available free of charge via the Internet at http://pubs.acs.org.
aqueous (KO/Dy0) interface thatis enriched in,D and extends LA700932S
into the solution a surprisingly large distane&g—10 nm (Figure

Finally, D,O is often substituted for $¥0 with the implicit
assumption that the physical chemistry is unchanged. For example,
this approach is used in neutron scattering to achieve favorable
contrast in scattering length denst27:3°0ur results suggest
that this approach should be used cautiously in experiments
involving interfaces, and possibly bulk solutions, as it can lead
to artifacts in data analysis and interpretation. This agrees with
Dore et al?® who suggest that, based on the distinguishable
characteristics of BD and HO, H/D substitution is not a true

isomorphic replacement.
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